Spirulina platensis (SPI) is a microalga with a high content of functional compounds, such as phenolics, phycocyanins and polysaccharides that has been shown to have antioxidant, anti-inflammatory, hypoglycemic, neuroprotective and immunomodulatory effects. The objectives of the present work were to study the possible effects of SPI treatment on the glycemic-lipid profile, oxidative stress, lipid peroxidation and cardiac performance in diabetic rats. Diabetes was induced by streptozotocin (STZ) in male Wistar rats. In diabetic animals SPI, at a dose of 50 mg/kg/day, reduced lipid peroxidation, nitrite levels and lipids in plasma and tissues. SPI exhibited an effective improvement on +dP/dT and −dP/dT in non-diabetic rats. This study showed that SPI significantly suppressed nitrite generation and lipoperoxidation in the hearts of diabetic animals, as well as an improvement in the cardiac function in control SPI-treated rats which is consistent with several studies that demonstrated the protective effect of antioxidants on oxidative stress-mediated injury caused by reactive oxygen species (ROS) produced in diabetic myocardial tissues.
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to abnormally high levels of chlorophyll in SPI, it was initially placed in the plant kingdom but was later shifted to the bacterial kingdom based on new understanding of SPI physiology, genetics and biochemical properties. SPI cells form long strands which look similar to a coiled spring; thus the name SPI, meaning "little spring" [1] . SPI is found naturally in alkaline lakes. It has also been cultured in a controlled environment for human consumption [1] [2] .
SPI is used as a food supplement and the nutritional and therapeutic values have been well documented [2] . SPI contains 62% amino acids, is the world's richest natural source of vitamin B12 and contains a whole spectrum of natural mixed carotenes and xanthophyll phytopigments. SPI is wrapped with a soft cell wall formed from complex sugars and proteins like rhamnose, xylose, glucose, galactose, and arabopyranose glucuronic acid [3] [4] . Algae of the genus Spirulina spp present approximately 15% of biliproteins (C-phycocyanin, allophycocyanin and phycoerythrin) [4] , with C-phycocyanin being the major protein component of SPI.
More recently SPI has been found to have additional pharmacological properties through a variety of active constituents. SPI exhibits antioxidant, anti-inflammatory, neuroprotective, immunomodulatory, antihyperlipidemic, cardiovascular and anti-diabetic properties, making it a potential drug candidate in the therapeutic management of chronic disorders such as diabetes and hypertension [4] - [9] [2]
[25]- [32] [44] [45] .
Diabetes is a metabolic disorder characterised by chronic hyperglycaemia. The long-term effects of diabetes mellitus include cellular injury, inflammation and failure of various organs [10] .
Diabetes mellitus is a well-known risk factor for the development of heart failure independent of coronary heart disease and hypertension and may cause a cardiomyopathy [11] [12] [13] . A significant number of diabetic patients exhibit diabetic cardiomyopathy (DCM), however, the development of DCM remains poorly understood and the underlying mechanisms have not yet been clearly elucidated. For many authors DCM is characterized by sustained hyperglycaemia and hyperlipidemia, oxidative stress, defective calcium handling, apoptotic and necrotic cell death, altered mitochondrial function, inflammation and myocardial fibrosis [11] .
Clinical studies have showed that DCM increases the risk of death in the patients [12] . Since there are no effective approaches to preventing the development and progression of diabetic cardiomyopathy in the clinic, the search for new therapeutic targets for the prevention or protection from DCM would be an important in therapeutic development [13] .
An important clue to the prevention of DCM is the understanding that oxidative stress plays an important role in the development of diabetes and diabetic complications. Hyperglycemia-induced activation of several pathways results in the excessive formation of reactive oxygen species (ROS) that is toxic to the cell.
The ROS interaction with lipids produce lipid peroxidation product like malon- Also, the variation in the levels of antioxidant enzymes, such as superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px), tissue susceptible to oxidative stress leading to the development of diabetic complications such as DCM [15] .
It is well recognized that stress is closely associated with the pathogenesis of diabetes, and long-term exposure to oxidative stress in diabetes leads to chronic inflammation [16] [17] . It has been suggested that the ideal therapeutic agent to manage the multifactorial aspects of diabetes should act concomitantly, in the modulation of the molecular signaling where oxidative stress and inflammatory responses have been shown to cross-talk and closely interact with each other [16] .
Previous studies in our partner laboratory in Brazil focused on investigating the anti-inflammatory effects of SPI and showed that the oral administration of SPI for 5 days, at doses of 50 and 100 mg/kg/day significantly decreased paw edema volume in alloxan-induced diabetic mice and rats. The anti-inflammatory effect of SPI was further confirmed by a decrease in TNFα immunostaining in the inflamed paw and in the myeloperoxidase release from human neutrophils [5] .
The objectives of the present work were to study the possible effects of SPI treatment on the glycemic-lipid profile, oxidative stress, lipid peroxidation and cardiac performance in STZ-induced diabetic rats.
Materials and Methods

Cultivation and Collection of Botanical Material
The cultivation of SPI needs intense sunlight, high temperature and low rains, besides nutrients and a pH between 9 and 10. Initially, the innocula received from Antenna (Geneve, Switzerland) were cultivated in our laboratory of Federal University of Ceara, in Brazil, utilizing Zarrouk media [18] . After filtration, the material was weighed to determine the wet biomass, and submitted to desiccation for 5 h (50˚C). The dried material was weighed to determine the dried biomass and the production per square meter (8 to 10 g/day/m 2 ). 
Experimental Diabetes Animals and Induction of Diabetes
1) Isolated Working Heart Procedure
At termination animals were anaesthetized with a subcutaneous injection of pentobarbital, the chest cavity opened, the heart excised and the cardiac function was determined by the isolated working heart methodology used extensively in this laboratory [19] [20].
2) Biochemical Parameters
Plasma and tissues (liver, brain and heart) were collected, snap-frozen in liquid nitrogen, and stored at −80˚C for biochemical measurements. Plasma glucose was analyzed using a glucose analyzer II (Beckman instruments, USA).
Plasma cholesterol and triglycerides levels, tissue malondialdehyde (MDA), nitrite, superoxide dismutase (SOD) levels were analyzed using test kits from Cayman Chemical Co. (Ann Arbor, MI).
3) Effects of SPI on the Hepatic Tissue Morphology
At termination tissue samples of liver were promptly excised, rinsed with normal saline and fixed into 10% neutral formalin for histopathological examinations, by standard hematoxylin & eosin staining and examined under light microscope (Olympus BX51, Tokyo, Japan).
4) Statistical Analysis
Data were expressed as mean ± standard error of mean (SEM). Statistical analyses were done with either one-way ANOVA or GLM repeated measures ANOVA as described in the figure legend followed by a post-hoc Newman-Keuls multiple comparisons test. Graph Pad prism program (version 7) and NCSS were used as analyzing software. A level of p ≤ 0.05 was taken as significant. The number of animals per group per study is as described in the figure legend.
Results
SPI 50 mg/kg/day Reduced Plasma Lipid Levels in Diabetic Animals and Reduced Body Weight in Control Treated Animals
Plasma glucose, cholesterol, triglycerides were measured in control and diabetic rats at termination. Plasma glucose levels were significantly higher in diabetic groups as compared to control. SPI, at a daily dose of 50 mg/kg/day, was not effective in reducing hyperglycemia during 6 weeks of treatment (Figure 1(a) ).
SPI 50 mg/kg/day decreased significantly the levels of plasma lipids. After 6 weeks of SPI treatment, plasma triglyceride levels were restored to normal levels in diabetic treated animals ( Figure 1(b) , Figure 1(c) ).
SPI 50 mg/kg/day reduced body weight in control treated animals from week 3 of treatment through to termination. There was no effect of treatment on body weight in the diabetic group (Figure 1(d) ). Figure 1 . Effects of 6 weeks of treatment with SPI on plasma glucose, cholesterol, triglycerides levels and body weight in STZ-induced diabetic rats. The treatment groups were: control (C), control treated (CT), diabetic (D) and diabetic treated (DT). Data were expressed as mean ± SEM and statistical analysis was performed using two-way ANOVA followed by Newman-Keuls multiple comparisons test, p < 0.05 taken as significant, n = 8/group. a different from all other groups and b different from control untreated and control treated groups.
SPI 50 mg/kg/day Reduced Lipid Accumulation in the Liver of Treated Animals
The control, control treated and diabetic treated groups showed normal histology with hepatocytes arranged in single-cell thick plates of liver tissue, which con- 
SPI 50 mg/kg /day Reduced Nitrite Levels in Diabetic Treated Rats
Nitrite and total superoxide dismutase, 2 markers of oxidative stress, were measured in the tissues of the liver, brain and heart. There was no effect of SPI treatment on total superoxide dismutase. Treatment of diabetic rats with SPI 50 mg/kg/day restored nitrite levels to control levels in liver tissue and significantly attenuated the increased nitrite content in both the heart and the brain (Figure 3 ).
SPI 50 mg/kg/day Inhibited Lipid Peroxidation in Diabetic Treated Rats
Malondialdehyde (MDA) levels, a marker of lipid peroxidation, were greatly increased in STZ-induced diabetic rats as compared to normal rats in liver, brain and heart tissue. The treatment of STZ-induced diabetic rats with SPI for 6 weeks restored whole-tissue MDA levels to normal in the liver and heart. In . Effects of 6 weeks of treatment with SPI on nitrite content in the liver, brain and heart of STZ-induced diabetic rats. The treatment groups were: control (C), control treated (CT), diabetic (D) and diabetic treated (DT). Data were expressed as mean ± SEM and statistical analysis was performed using two-way ANOVA followed by Newman-Keuls multiple comparisons test, p < 0.05 taken as significant, n = 8/group. a different from all other groups.
SPI 50 mg/kg/day Produced an Improvement in the Cardiac Function in Control Treated Rats
The treatment with SPI 50 mg/kg/day for 6 weeks did not restore the ability of the diabetic animals to respond to increases in filling pressure on all functional parameters studied. However SPI, at this same concentration, produced an improvement in cardiac parameters of +dP/dT and −dP/dT in control treated rats ( Figure 5 ). . Effects of 6 weeks of treatment with SPI on malondialdehyde (MDA) content in the liver, brain and heart of STZ-induced diabetic rats. The treatment groups were: control (C), control treated (CT), diabetic (D) and diabetic treated (DT). Data were expressed as mean ± SEM and statistical analysis was performed using two-way ANOVA followed by Newman-Keuls multiple comparisons test, p < 0.05 taken as significant, n = 8/group a different from all other groups and b different from control group.
Discussion
Currently the hypoglycemic and hypolipidemic effects of SPI are well recognized through several in vivo studies carried out in rats and mice under various experimental conditions. Previous studies from our group in Brazil showed that the oral administration of SPI for 5 or 10 days, at the doses of 25, 50 and 100 mg/kg/day, significantly reduced glucose, triglyceride and cholesterol levels in alloxan induced diabetic rats [5] . Other groups have shown that SPI exhibited hypolipidemic and hypoglycemic activities through the lowering of blood glucose levels, regulating cholesterol and triglyceride and improving insulin resistance in Figure 5 . Effects of 6 weeks of treatment with SPI on rate of contraction (+dP/dT), on rate of left ventricular developed pressure (LVP) and on rate of relaxation (−dP/dT) at different left atrial filling pressures in STZ-induced diabetic rats. The treatment groups were: control (C, n = 5), control treated (CT, n = 7), diabetic (D, n = 5) and diabetic treated (DT, n = 5). Data were expressed as mean ± SEM and statistical analysis was performed using GLM repeated measures ANOVA followed by Newman-Keuls multiple comparisons test, p < 0.05 taken as significant, n = 8/group * different from all other groups.
DM patients [21] [21] . In this experiment the intermidate dose of SPI 50 mg/kg/day was used (based on preliminary studies done by our partner group in Brazil [5] ) to study the effect of SPI on oxidative stress, glycemic and lipid profile in the STZ diabetic animal model. However after 6 weeks of treatment the diabetic treated animals did not show a significant reduction in glycemic levels, perhaps which may be because the glycemic levels achieved in the STZ animals were highly elevated in this study. We hypothesized that the dose of SPI 50 mg/kg/day may have been too low in this animal model to reduce glycemic levels. However we did observe that SPI at this same dose significantly decreased triglyceride in diabetic treated animals and reduced plasma cholesterol levels in control treated animals. [25] . However, the mechanisms of action of SPI on lipid metabolism are not well understood. Nagakoa and collaborators found that a concentrate of SPI inhibited jejunal cholesterol absorption and ileal bile acid reabsorption, proposing that C-phycocyanin is the molecule responsible for this effect [26] . Furthermore, it was found that phycocyanin inhibits pancreatic lipase [27] . These effects could explain the hypocholesterolemic and hypotriacylglycerolemic effects of SPI [28] .
We have also shown in this study that SPI 50 mg/kg/day (6 weeks) significantly reduced the weight of the control treated animals when compared to control, while SPI did not change the weight of diabetic treated animals when compared to the diabetic control. Literature results of studies with SPI at higher does have shown that SPI succeeded inducing either an improvement in body weight or no weight reduction in human and animals [21] . However, more recent studies have demonstrated that Spirulina platensis supplementation was effective in weight regulation, serum total cholesterol and appetite reduction in overweight patients [29] [30] .
In this study we showed a normal morphological arrangement of the hepatocytes in SPI treated diabetic animals as compared to hepatocytes from untreated diabetic animals in which fat droplets displaced the centrally located nucleus forming fat vacuoles. The observed fatty degeneration is linked to insulin deficiency and the dysregulation of mitochondrial β-oxidation of fatty acids. This leads to the esterification of fatty acids to triglyceride in the cytoplasm, which is characterized by the presence of multiple triglyceride droplets within the hepatocytes [31] .
Many studies have shown that SPI has antioxidant properties [5] The concentration of nitric oxide (NO) (estimated as concentration of nitrite) was increased in all tissues of diabetic rats. NO levels were brought back to near normal values after the treatment with SPI 50 mg/kg/day. Generally, NO at physiological levels produces many benefits to the vascular system. However, increased oxidative stress and subsequent activation of the transcription factor NF-β enhanced the NO production, which is believed to be a mediator of damage to beta-cells [34] .
The reduction of nitrite production in different tissues such as brain, heart and liver in our study could be considered an important factor of protection against oxidative damage to DNA, indicating its important protective effect against STZ-induced damage and these results are corroborated by numerous researchers who have studied the antioxidant and anti-inflammatory properties of SPI [35] [36] [37] . Many of the studies investigating the antioxidant effect of SPI have attributed this property to phycocyanin since this phycobilin pigment has radical scavenging properties, noting that some of these reports have also shown that phycocyanin directly inhibits NAD(P)H oxidase activity [38] [39] and that NAD(P)H oxidases may be the main source of ROS in the tissues of diabetic animals and patients [40] [41].
In addition, the level of malondialdehyde (MDA) was analyzed as a lipid peroxidation marker since it has an important role in the pathogenesis and the complications of diabetes. The results of the present analysis clearly highlight the efficacy of SPI as an MDA lowering agent. The MDA levels in diabetic rats treated with SPI were significantly lower in comparison to the diabetic control. (P < 0.05).
In this study we also evaluated the antioxidant biomarker enzyme superoxide dismutase (SOD), however there were no differences in total SOD activity among the groups studied.
Other researchers have tried to correlate the elevated lipid profile in diabetes to the development of cardiac dysfunction [19] [20] [42] . Lipid abnormalities associated with diabetes may lead to alterations in myocardial enzyme systems, subcellular organelles and myocardial fuel supply and eventually to cardiac disease [19] .
In this study hearts from control and diabetic rats were isolated and cardiac performance was evaluated under physiological and superphysiological filling pressures, simulated by increases in left atrial filling pressure from 2.5 to 11 mmHg. Paralleling the elevation of plasma glucose and triglycerides, the untreated diabetic group exhibited decreased cardiac performance as assessed by their inability to respond to increases in left atria1 filling pressure. Treatment with SPI for 6 weeks did not restore the ability of the treated diabetic animals to respond to increases in filling pressure on the functional parameters studied. However, SPI in this same concentration produced an improvement in cardiac hemodynamic parameters such as dP/dTmax and dP/dTmin in control rats, suggesting a possible positive inotropic effect of Spirulina.
The ineffectiveness of SPI in blocking the effects of systolic and diastolic dys-
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function in diabetic rats may be due to the low dose used in this experiment, as some researchers reported evidence that both SPI and C-phycocyanin can have a preventive effect on drug-induced cardiac side effects as well as a protective effect during heart attacks [43] [44] [45] . In the first two studies, they tested first SPI and then C-phycocyanin as protectants against the adverse cardiac side effects of doxorubicin, a chemotherapy drug. They concluded that both SPI and C-phycocyanin significantly protected the mice from the cardiotoxic effects and was referred to as a "crucial role of the antioxidant nature of SPI and C-phycocyanin in cardioprotection" [44] [45]. Another study from the same group demonstrated that pre-ischemic infusions of C-phycocyanin and SPI were cardioprotective against ischemia-reperfusion (I/R) injury, leading to enhanced recovery of contractile function, attenuation of infarct size, decreased apoptosis, and suppression of oxidative stress in the post-ischemic reperfused heart. These results suggest that the underlying signaling mechanism(s) involved C-phycocyanin attenuation of I/R-induced cardiac dysfunction through its antioxidant and antiapoptotic actions and modulation of p38 MAPK and ERK1/2 [45] .
Conclusion
Further studies will be needed to confirm an effect of SPI on diabetic cardiomyopathy. However this study has shown that SPI significantly suppressed nitrite generation and lipoperoxidation in the hearts of animals diabetics, as well as an improvement in the cardiac function SPI-treated control rats which is consistent with several studies that demonstrated that ROS produced in diabetic myocardial tissues causes oxidative stress-mediated injury that is protected by antioxidants.
